Background: Intracellular parts of GPCRs have yet to be effectively exploited as allosteric modulators. Results: The structure and mechanism of action of a lipidated pepducin agonist is determined.
G protein-coupled receptors (GPCRs) are remarkably versatile signaling systems that are activated by a large number of different agonists on the outside of the cell. However, the inside surface of the receptors that couple to G proteins has not yet been effectively modulated for activity or treatment of diseases. Pepducins are cell-penetrating lipopeptides that have enabled chemical and physical access to the intracellular face of GPCRs. The structure of a third intracellular (i3) loop agonist, pepducin, based on protease-activated receptor-1 (PAR1) was solved by NMR and found to closely resemble the i3 loop structure predicted for the intact receptor in the on-state. Mechanistic studies revealed that the pepducin directly interacts with the intracellular H8 helix region of PAR1 and allosterically activates the receptor through the adjacent (D/N)PXXYYY motif through a dimer-like mechanism. The i3 pepducin enhances PAR1/G␣ subunit interactions and induces a conformational change in fluorescently labeled PAR1 in a very similar manner to that induced by thrombin. As pepducins can potentially be made to target any GPCR, these data provide insight into the identification of allosteric modulators to this major drug target class.
G protein-coupled receptors have evolved to respond to a diverse repertoire of extracellular ligands but share a highly conserved molecular architecture of seven transmembrane domains (1) . Upon activation, the receptors undergo a large conformational change that transmits signals from the outside of the cell to the G proteins on the inside (2) . Recent structures of dozens of different GPCRs 2 have provided an unprecedented understanding of ligand binding in the transmembrane core, also known as the classical orthosteric site (3) . How the intracellular loop domains mediate signaling to G proteins is not as well understood, and the intracellular parts of the receptor have yet to be effectively exploited as drug targets. To address this issue, a new technology known as "pepducins" has emerged that targets this inside part of GPCRs (4) .
Pepducins are highly stable lipidated intracellular loops derived from GPCRs that specifically act on their cognate receptor (5) . The rapid and efficient cell membrane flipping and membrane tethering of pepducins (6 -10) makes them well suited for interrogation of the role of intracellular regions of receptors in G protein coupling and cell signaling. Pepducin agonists are allosteric modulators that typically exhibit biphasic agonist and inhibitory activity on receptor-G protein signaling (5) and can favor receptor-G protein engagement of one class of G proteins over others, so-called biased agonism (11, 12) . Allosteric agonists and antagonists that bind at alternative sites to the orthosteric site (13) can provide certain advantages such as a greater GPCR subtype specificity and G protein-selective pathway engagement (14) . Libraries of pepducins can be readily targeted to a GPCR of interest based on the sequences of the intracellular loops, including orphan GPCRs, and tested for allosteric activity by high throughput screening (15, 16) . This approach has proven useful in delineating the functional significance of GPCRs in cancer (17) (18) (19) (20) and cardiovascular (6, (21) (22) (23) (24) and inflammatory diseases (25) (26) (27) (28) , and now pepducins have just entered human clinical trials (29) ; however, their mechanism of activation is largely unknown. Here, we define the structure of a PAR1 agonist pepducin, P1pal-19 , that together with biochemical analyses and assays that monitor conformational changes reveal an allosteric activation mechanism for pepducins at the receptor-G protein interface.
liquid chromatography. The following reagents were used: thrombin (Hematologic Technologies), pertussis toxin (Sigma), myo[ 3 H]inositol (PerkinElmer Life Sciences), GDP, GTP␥S, avidin-agarose (Sigma-Aldrich), T7-agarose beads and mouse monoclonal T7-Ab (Novagen), rabbit anti-G␣ i1/2 antibody (PerkinElmer Life Sciences), and rabbit Myc antibody (Cell Signaling Technology). The rabbit polyclonal PAR1 antibody (SFLLR-Ab) was generated as described previously (30) . PAR1 mutants were made by site-directed mutagenesis in pcDEF3 with QuikChange (Qiagen) or PCR mutagenesis and sequenced to verify the fidelity of the construct as described (31) . Cercopithecus aethiops kidney cells (COS7) and human embryonic cells (HEK293) were transfected with T7-PAR1 mutants using Lipofectamine (31) for inositol phosphate (InsP) and fluorescence assays and calcium phosphate for binding studies, and stable PAR1 Rat 1 cells (5) and Rat 1 PAR1-null cells were cultured in DMEM supplemented with 10% FBS and 1% penicillin/streptomycin in 5% CO 2 4 , 0.02% NaN 3 , 1.1 mM deuterated dithiothreitol (DTT), and 0.1 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid at pH 5.12. NMR spectra included total correlation spectroscopy with a mixing time of 40 ms, nuclear Overhauser effect spectroscopy (NOESY) with a mixing time of 100 ms, and natural abundance 13 C heteronuclear single quantum coherence spectroscopy. Data were collected at 600 and 800 MHz at 25°C. Resonances were assigned, and distance restraints were obtained by standard methods. Proton chemical shifts, carbon chemical shifts, and distance restraints were used in CNSSolve version 1.3 to generate 32 structures through simulated annealing, energy minimization, and refinement (32) .
PAR1 Modeling-The PAR1 off-state was modeled based on the vorapaxar-PAR1 x-ray structure (Protein Data Bank code 3VW7) (33) using the highly homologous H8 helix and i3 loop structures from the rhodopsin off-state (Protein Data Bank code 3CAP) (34) . The PAR1 on-state was modeled from the ␤ 2 -adrenergic receptor⅐G s complex (Protein Data Bank code 3SN6) (35) with the i3 loop and H8 helix from the rhodopsin⅐G t peptide complex (Protein Data Bank code 3PQR) (36) . The G protein was positioned such that regions of ␣5 known to interact with i2, TM5, and TM6 in the structure of the ␤ 2 -adrenergic receptor⅐G s complex were replaced with the intact heterotrimeric G protein transducin (Protein Data Bank code 1GOT) (37) . The chemical geometries of all models were refined using Coot and Refmac5, and molecular graphics figures were generated using PyMOL.
InsP Production Assay-COS7 cells expressing PAR1 mutants were split into 12-well plates at 250,000 cells/well. Myo[ 3 H]-inositol (2 mCi/ml) was added to the cells 24 h prior to the experiment. Phospholipase C-␤ (PLC-␤)-dependent accumulation of [ 3 H]InsP was measured in the presence of 20 mM LiCl. The cells were stimulated with agonist (in duplicate or triplicate) for 30 min and then extracted with cold methanol and chloroform. The extracts were loaded onto columns containing 1 ml of anion exchange resin AG1X8 (formate form, 100 -200 mesh size; Bio-Rad). After loading, the columns were washed twice with 10 ml of H 2 O and twice with 10 ml of 60 mM ammonium formate, 5 mM borax. Column fractions were eluted with 4 ml of 2 M ammonium formate, 0.1 M formic acid into vials containing 7.5 ml of scintillation fluid and then counted. The mean of two to five determinations was expressed as the -fold stimulation above vehicle-treated cells and converted to a percentage using maximal activity for each agonist with WT receptor or as described in the figure legends.
Platelet Aggregation-Venous blood samples were collected from healthy volunteers using an 18-gauge needle and a 30-ml syringe prefilled with 3 ml of 4% sodium citrate following approved protocols from the Tufts Institutional Review Board. Whole blood was transferred into 15-ml polypropylene tubes with 0.25 mM EDTA, and 0.1 unit/ml apyrase was added as an anticoagulant. Platelet-rich plasma was harvested by centrifuging blood at 700 ϫ g for 20 min at 30°C. Gel-filtered platelets were further prepared from platelet-rich plasma using Sepharose 2B columns in modified PIPES buffer (38) . Samples were recalcified with CaCl 2 (2.5 mM), and fibrinogen (300 g/ml) was added before addition of pepducins. All reactions were conducted in final volumes of 250 l at 37°C while stirring at 900 rpm. Platelet aggregation was measured with a Chronolog 560VS/490 aggregometer with PIPES buffer serving as a blank as described before (39, 40) .
PAR1-i3 Loop Binding Assays-HEK cells transfected with PAR1 were lysed in lysis buffer (100 mM NaCl, 25 mM Hepes, pH 7.2, 1 mM PMSF, 0.2 mM leupeptin), sonicated, and centrifuged at 40,000 ϫ g for 40 min at 4°C. Membrane pellets were resuspended in 20 mM KPO 4 , 100 mM NaCl, 0.1 mM EDTA, 10% glycerol and incubated overnight at 4°C with avidin-agarose beads that were precoupled to N-biotin-PAR1 i3 peptide (RCLSSSAVANRSKKSRALF; Bio19) or negative control i3 peptide Bio19E (RCESSSAEANRSKKERELF) at room temperature for 4 h in binding buffer (20 mM Tris, pH 7.2, 70 mM NaCl, 1 mM DTT). Agarose beads were collected by centrifugation and washed three times with binding buffer. Immunoprecipitated protein was eluted with 40 l of SDS loading buffer for 1 h at 42°C. Samples were centrifuged, and 25 l of the protein supernatants was analyzed by Western blot.
PAR1-PAR1 Immunoprecipitations-A pcDEF3-PAR1 construct was tagged at the N terminus with a T7 epitope (MASMTGGQQMGT) as described (30) or at the C terminus with a Myc epitope (FFEQKLISEEDL). COS7 cells were transiently transfected with T7-PAR1 alone, PAR1-Myc alone, or both. Cell lysates were prepared 48 h after transfection in lysate buffer (100 mM NaCl, 25 mM Hepes, pH 7.2, 1 mM PMSF plus Halt protease inhibitor mixture (Thermo Scientific)), and protein was quantified using a Bradford assay. Cell lysates were precleared with 25 l of protein A-agarose (Calbiochem) for 1 h and then incubated overnight at 4°C with 25 l of T7-agarose beads in a final volume of 500 l. Agarose beads were collected by centrifugation (500 ϫ g) and washed three times with 1% lysis buffer. Immunoprecipitated protein was eluted with 50 l of 10 mM acetic acid, pH 2.2 in SDS loading buffer for 30 min at 37°C. Samples were centrifuged (10,000 ϫ g) for 10 min, and 10 l of neutralization buffer (1.5 M Tris, pH 8.3) was added to the protein supernatants before gel electrophoresis and Western blotting.
Fluorescence Resonance Energy Transfer (FRET) between PAR1-CFP and PAR1-YFP-COS7 fibroblasts were transiently transfected using the DEAE-dextran method. Scanning fluorometry of transfected COS7 cells was performed on a Perkin Elmer Life Sciences LS50B fluorescence spectrophotometer to analyze expression levels of PAR1-CFP and PAR1-YFP (22, 26) and to detect FRET interactions between donor and acceptor receptors. Transfected cells expressing both PAR1-CFP and PAR1-YFP were excited at 425 nm, and the emission spectrum was collected from 450 to 650 nm. This spectrum consisted of CFP donor fluorescence, YFP acceptor fluorescence due to cross-excitation at 425 nm, and FRET between donor and acceptor. FRET was calculated by subtracting two components as described previously (22, 26) . The first subtracted component was the emission spectrum of cells expressing CFP (donor) normalized to the CFP emission maximum of the cells co-expressing donor and acceptor. The second subtracted component was the emission spectrum of YFP (acceptor) only via cross-excitation by 425 nm at the same expression level as YFP in the cells co-expressing donor and acceptor receptors.
Bimane Labeling of PAR1-HEK 293 cells were transiently transfected with either C378S or T7-PAR1C296S/C378S/⌬396 constructs in pcDEF3. Cell lysates were prepared 48 h after transfection in lysis buffer (100 mM NaCl, 25 mM Hepes, pH 7.2, 1 mM PMSF plus Halt protease inhibitor mixture (Thermo Scientific)) with 1% Nonidet P-40, and total protein concentration was determined using a Bradford assay. Bimane-labeled PAR1 was prepared by incubating the cell lysates (protein concentration, 1.5 mg/ml) with 500 M monobromobimane (Molecular Probes) for 2 h at room temperature with gentle mixing. For the isolation of the T7-tagged/bimane-labeled PAR1, the lysates were incubated with 25 l of T7-agarose beads (Abcam) in a final volume of 500 l overnight at 4°C. Agarose beads were collected by centrifugation (500 ϫ g) and washed with 1% lysis buffer (no Nonidet P-40). The T7-PAR1 protein attached to the beads was eluted with 0.2 mM glycine, pH 2.2 and neutralized immediately with an equal volume of 75 mM Tris, pH 10 for a final pH of 7.5. The fluorescence intensity changes of the bimane-labeled PAR1 induced by agonists were measured by excitation at 370 nm and recording emission from 430 to 490 nm using a PerkinElmer Life Sciences LS50B spectrofluorometer.
Statistical Analysis-All quantified in vitro assay results are presented as mean Ϯ S.D. Comparisons were made with the Student's t test. Statistical significance was defined as p Ͻ 0.05 (*) or p Ͻ 0.01 (**).
Results

Structure of a PAR1 Agonist Pepducin and Interrogation of Intracellular Residues of PAR1 Required for Activation by
P1pal-19 -The structure of the P1pal-19 pepducin derived from the i3 loop of PAR1 was determined using 551 NMRderived distance restraints, including those to the proximal portion of the N-terminal palmitate lipid ( Table 1 ). The i3 loop pepducin was highly structured with a root mean square deviation of 0.54 Ϯ 0.19 Å for an ensemble of 30 structures (Fig. 1 , A-C). The i3 loop pepducin structure resembles that predicted for the intact receptor with a short loop centered on residue Arg 305 flanked by interacting helices at the N-and C-terminal ends of the peptide that correspond to the ends of TM5 and TM6 (Fig. 1, A and B) . The angle between the helices, however, differs slightly by 20°from that in the intact receptor in the on-state (35) .
To further delineate the mechanism of activation by the pepducin, an array of 29 single, double, and triple mutations was constructed across the intracellular surface of PAR1 comprising the i1-i3 loops and the proximal H8 helix region of the C-terminal i4 domain and in the extracellular ligand. These mutant PAR1 receptors were interrogated for the ability to be activated by the P1pal-19 intracellular pepducin and compared with the classical extracellular agonist of PAR1, namely thrombin, which cleaves the receptor at the Arg 41 -Ser 42 peptide bond to generate the tethered ligand SFLLRN (Fig. 1B) . In addition, the array of intracellular loop mutations were tested for the ability to be activated by a soluble SFLLRN peptide agonist, and activity for each mutant was scored using a heat map from 0 to 120% relative to WT PAR1 for each agonist. As shown in Fig. 2 and Table 2 , mutation of i1, i2, and i3 residues had a highly similar pattern of effects on activation of PAR1 by thrombin, SFLLRN, and P1pal-19, suggesting that all three agonists utilize the i1-i3 loops to activate G protein in a similar manner. In particular, i2 loop residues that come into direct contact with critical G␣ protein C␣ and N␣ helices and Switch I (35, 41) are essential for activation of G protein for all three agonists (Fig. 2) . Consistent with previous studies (5), the wild-type P1pal-19 did not compensate for deleterious mutations in the receptor i3 loop and therefore is not likely to activate G protein signaling by acting as a direct replacement for the intact receptor third intracellular loop. NMR spectra included total correlation spectroscopy with a mixing time of 40 ms, NOESY with a mixing time of 100 ms, and natural abundance 13 C heteronuclear single quantum coherence spectroscopy. Data were collected at 600 and 800 MHz at 25°C. r.m.s., root mean square.
P1pal-19
Experimental restraints
Distance Alternatively, the pepducin agonist could be proposed to function by stabilizing active conformations of PAR1 that normally are driven inefficiently by the uncleaved tethered ligand of the receptor. In other words, the pepducin may enhance what is otherwise a very weak partial agonist activity of the uncleaved tethered ligand. To test this possibility, we determined whether P1pal-19 was active toward PAR1 bearing a defective tethered ligand with a mutation in the critical Phe 43 of SFLLRN in the e1 domain (22) . The Phe 43 phenyl side chain interacts with ligandbinding site-1 located in the e1 domain of PAR1 (42) . As expected, the F43A PAR1 lost 90% of activity to thrombin but retained full activity to the SFLLRN peptide agonist (Table 2) . However, the P1pal-19 pepducin was still able to act as a partial agonist (42%) to the F43A mutant, suggesting that extracellular ligand/ligandbinding site interactions may partially contribute to but are not essential for the allosteric activity of the i3 loop pepducin. These data are consistent with previous data (43) that showed that the affinity of PAR1 for its extracellular ligand was weakened in the absence of coupled G protein that allosterically stabilizes the receptor in the high affinity state. (44) residues in the H8 helix region (31, 45) of the intracellular i4 domain gave 95-100% loss of activation by P1pal-19 with little or no effect on activation by extracellular agonists thrombin and SFLLRN (Fig. 2) . Deletion of the PAR1 H8 helix (⌬H8 mutant) caused a complete loss of ability to be activated by P1pal-19 ( Fig. 3A) but retained 40% activity for thrombin and SFLLRN extracellular agonists (Table  2 ). These data indicate that unlike the extracellular agonists the P1pal-19 pepducin requires an intact PAR1 H8 helix to activate PAR1-G protein coupling. FIGURE 1. Structure of an i3 loop pepducin agonist. A, the NMR structure of the P1pal-19 pepducin was determined by simulated annealing methods using 551 NOE-based distance restraints. The ␣ carbons of the pepducin residues were numbered corresponding to the intact receptor. B, the structure of P1pal-19 (red) corresponded closely (backbone root mean square deviation, 2.1 Å) with the analogous i3 loop region of the on-state of the ␤ 2 -adrenergic receptor⅐G s complex (35) (yellow) comprising the cytoplasmic ␣-helical extensions of TM5 and TM6 and an overall root mean square deviation of 3.6 Å with the entire i3 loop region of the PAR1 model. The PAR1-vorapaxar (VPX) structure of the off-state is shown in white (33) . After cleavage by thrombin or MMP-1 (23), the new N-terminal tethered peptide ligand SFLLRN---or PRSFLLRN---, respectively, binds to the outside surface of PAR1 in an intramolecular mode (42) to activate receptor-G protein signaling. C, a superimposed ensemble of 30 individual energy-minimized structures of P1pal-19.
We compared the ability of the WT and ⌬H8 mutant receptors to directly bind the i3 loop peptide of PAR1. The WT PAR1 i3 loop peptide was biotinylated at the N terminus (Bio19), bound to avidin beads, and incubated with membranes from cells expressing WT or ⌬H8 mutant PAR1. G proteins were stabilized in either the off-state with GDP or in the on-state with GTP␥S. As shown in Fig. 3B , PAR1 preferentially bound to the WT i3 loop peptide Bio19 when G proteins were in the GTP␥S-induced on-state with relatively low levels bound in the GDP-stabilized off-state or to the negative control PAR1 i3 loop Bio19E. Likewise, the corresponding palmitoylated peptide P1pal-19E has no agonist activity to PAR1 (5). The ⌬H8 mutant PAR1 exhibited low level nonspecific background binding to Bio19 beads or beads alone.
i3 Loop Agonist Pepducin Stabilizes the GTP-on State of G␣ Subunit in Complex with PAR1-PAR1⅐i3 loop complexes were also probed for the presence or absence of bound G␣ subunit. Eluates were probed for G␣ i as P1pal-19 gave robust biphasic stimulation of G␣ i -dependent InsP production (suppressed by 75% by pertussis toxin), similar to that observed with stimulation by the classical agonist thrombin (Fig. 3, C and D) . Addition of GTP␥S induced a marked increase in G␣ i bound to the PAR1 receptor⅐i3 loop complex with little or no detectable binding of G␣ i in the GDP off-state (Fig. 3B ). Low levels of G␣ i -GTP␥S were bound to the negative control Bio19E i3 loop. No G␣ i subunit was detected bound to the Bio19 or Bio19E beads in membranes expressing the ⌬H8 PAR1 mutant or in membranes from PAR1-null cells (Fig. 3B) , demonstrating that G␣ i does not form a stable complex with the i3 peptide in the absence of the PAR1 receptor H8 helix.
To determine whether G␣ i could also stably associate with PAR1 stimulated by i3 loop pepducin agonist, we immunoprecipitated PAR1 from intact cells incubated for 10 min with increasing concentrations of P1pal-19. As shown in Fig. 3E , P1pal-19 induced stable formation between PAR1 receptor and G␣ i , peaking at 1-10 M pepducin and decreasing at 20 M in a biphasic manner similar to that observed for InsP signaling. Likewise, activation of PAR1 with 20 nM thrombin induced enhanced association of PAR1 with G␣ i subunit (Fig. 3E) . Table 2 . The effects of each mutation for the respective agonists are depicted according to the color activity scale at the bottom. SW I, Switch I.
Together, these data provide direct evidence that the i3 loop pepducin associates with the PAR1 H8 helix, which forms a stable complex with the G␣ i subunit in the GTP on-state as depicted schematically in the model in Fig. 3E . These data are highly consistent with bioluminescence resonance energy transfer (BRET) experiments demonstrating large increases in the BRET signal between PAR1-YFP and G␣ i -Rluc following activation of PAR1 with thrombin (46) .
P1pal-19 Activates PAR1 through the (D/N)PXXYYY Motif in TM7
and Adjacent H8 Helix-To facilitate coupling with the on-state of the G protein, the bottom half of TM7 of the rhodopsin-like GPCRs undergoes a dramatic conformational change and ϳ90°rotation along the axes of the helix (35, 47) and is also critical for allosteric activation of Class C GPCRs (48) . TM7 contains an essential conserved (D/N)PXXY motif whose tyrosine (Y) residue rotates inside the transmembrane helical bundle to stabilize TM6 in an open on-state (1, 49) . This lower region of TM7 also interacts with the eighth helix in a tightly coordinated manner during coupling of receptor to G protein (31, 49, 50) . To further delineate the mechanism of activation of PAR1 by the i3 loop pepducin, we tested the activity of a series of point mutants across the entire H8 helix region and adjacent TM7 helix of PAR1 for the ability to be activated by pepducin versus extracellular agonists (Fig. 4, A and B) . Sin- gle, double, and triple mutations of residues in the H8 helix of PAR1 generally resulted in loss of 80 -100% of activity to P1pal-19 pepducin but retained 60 -100% of activity to SFLLRN and thrombin extracellular agonists. Single point mutation of H8 helix residue Gln 379 resulted in a 70% loss in activity, and double mutation of Gln 379 /Arg 380 resulted in complete loss of activity to P1pal-19 but retained 66 -81% of activity to SFLLRN and thrombin (Fig. 4, A and B, and Table 2 ). This pattern of effects is consistent with an H8 helix-specific requirement for P1pal-19 to activate PAR1-G protein coupling.
Unlike the H8 helix mutations, nearby TM7 mutations gave a nearly identical profile of activation by P1pal-19, SFLLRN, and thrombin (Fig. 4A) . In particular, TM7 residues Tyr 371 and Tyr 373 ((D/N)PXXYYY) were essential for G protein coupling activity induced by all three agonists. The profile of H8 helix and TM7 mutational effects on P1pal-19 activation of PAR1-G protein coupling is consistent with a mechanism whereby P1pal-19 interacts with the H8 helix, inducing a conformational change in the attached TM7 helix that triggers rotation of the three tyrosine residues in a propeller motion to push out the TM6 into the open on-state of the receptor (Fig. 4, A and C) . The outward displacement of TM6 then allows enhanced binding and coupling of PAR1 with the G␣ C-terminal helix (e.g. Fig.  3E ).
Critical Pharmacophores of the P1pal-19 Agonist-The i3 loop of P1pal-19 is rich in positively charged side chains that may come in direct contact with the PAR1 H8 helix region located at the cytoplasmic interface of the anionic phospholipid bilayer. To further test the pepducin-induced activation mechanism of Fig. 4 , side chain substitutions were introduced at the positively charged pepducin pharmacophores predicted to interact with the receptor H8 helix and nearby TM7 residues. JUNE 19, 2015 • VOLUME 290 • NUMBER 25
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The i3 pepducin lacking residue Arg 310 (P1pal19R310S) lost all agonist activity to PAR1 as assessed by both InsP assay and platelet aggregation as compared with WT P1pal-19 pepducin (Fig. 5, A and B) , and Arg 380 of the H8 helix and TM7 in the intact PAR1 receptor resulted in a 40 -100% loss of activity for P1pal-19 activation of PAR1 (Fig. 4) .
The i3 Loop Pepducin and Thrombin Induce Conformational Changes in Cys
296 Bimane-labeled PAR1-We evaluated whether the canonical agonist thrombin and the i3 loop pepducin P1pal-19 could induce conformational changes at the intracellular end of TM5 of the receptor that engages G␣ protein following activation. To probe the dynamics of PAR1 we specifically labeled Cys 296 located at the junction of TM5 and the i3 loop with the fluorophore bimane in a mutant PAR1 that lacked all other exposed cysteine residues (C387S/⌬396 PAR1). Bimane labeling at appropriate sites will allow detection of local conformational changes in the protein as the bimane probe moves to a more hydrophobic or hydrophilic environment upon receptor activation. Such conformational changes typically occur at the intracellular ends of TM5 and TM6 as they interact with G protein during coupling (51) (52) (53) (54) .
T7-tagged/bimane-labeled PAR1 was affinity-purified from HEK cell lysates with T7-Ab beads. The fluorescence of the Cys 296 bimane-labeled PAR1 was 40% more intense than that of fluorescently labeled lysates from untransfected HEK cells (Fig.  6A ). Upon addition of the canonical agonist 20 nM thrombin there was a 20% enhancement in the fluorescence signal and a decrease in max , indicating a conformational change of the cytoplasmic end of TM5 of PAR1 to a more hydrophobic environment (Fig. 6A) . Notably, 1-3 M i3 loop pepducin P1pal-19 also increased the fluorescence intensity by 20 -30% and decreased the max in a dose-dependent manner, indicating that the pepducin also induced a local conformational change in the cytoplasmic end of TM5 to a more non-polar environment.
As an additional negative control, we transfected the HEK293 cells with the triple mutant T7-PAR1C296S/C378S/ ⌬396 construct such that any intracellular loop cysteine residues in PAR1 were mutated to serine to prevent spurious bimane labeling. There was no observable change in the fluorescence intensity of T7-PAR1C296S/C378S/⌬396 in response to either thrombin or the i3 loop pepducin P1pal-19 as shown in (Fig. 6C ) in which the i3 loop agonist pepducin activates the receptor to adopt an "on-state" conformation to facilitate G protein binding; however, in the absence of either the agonist pepducin or thrombin, PAR1 adopts the "off-state" (Fig. 6D) , which has a less hydrophobic environment at the Cys 296 side chain (green; C296Bim).
Pseudodimer Mechanism of Activation of PAR1 by the i3 Loop Pepducin-As the P1pal-19 pepducin is derived from the i3 loop and interacts with the PAR1 H8 helix, PAR1 itself may self-associate to form a homodimer or homo-oligomer with each i3 loop interacting with the H8 helix across a dimer interface. To determine whether a dimer interaction is chemically reasonable, the electrostatic potential was calculated for PAR1, and two copies of the molecule were manually docked together such that the i3 and H8 are adjacent. The i3 loop and H8 helix are on opposite ends of the PAR1 monomer where they lie on the same large face, which is slightly concave (Fig. 7A ). This face is less positively charged than the opposite side of the molecule, which is convex. Thus, unlike the i1-i2 loops that are highly positively charged, leading to repulsive and geometrically unlikely interactions, the i3 loop-H8 helix face is less positively charged (and less repulsive), leading to the dimer model of Fig.  7A . The "pseudodimer" model in which the i3 of PAR1 was aligned with the i3 loop pepducin is shown in Fig. 7B . These dimer models suggest that a symmetric PAR1 dimer wherein the i3 and H8 on different molecules interact is chemically plausible.
Using a mixture of T7-and Myc-tagged PAR1, we found that T7-PAR1 immunoprecipitated with Myc-PAR1, indicating that PAR1 did form a stable homodimer/oligomer (Fig. 7C) . To confirm this result in live cells, PAR1 was tagged with CFP and YFP, FIGURE 6 . The i3 loop pepducin and thrombin induce conformational changes in the cytoplasmic end of TM5 of PAR1. Monobromobimane is a thiol-reactive fluorescent probe and was used to specifically label Cys 296 at the TM5/i3 loop junction of PAR1. T7-Ab-agarose beads were used to affinity-purify Cys 296 bimane-labeled T7-PAR1C378S/⌬396 (C296Bim) from transfected versus untransfected (HEK) and PAR1 lacking exposed cysteines T7-PAR1C296S/ C378S/⌬396 (C296S) cell lysates. A and B, PAR1 agonist 20 nM thrombin (Thr) or 1 or 3 M P1pal-19 (P1) or buffer was added to 300-l volumes of the affinity-purified bimane-labeled PAR1 constructs. 30 s after addition of agonists, fluorescence emission intensity was measured at 430 -490 nm with excitation at 370 nm. Maximum fluorescence intensity was normalized to the fluorescence of eluates from the T7-Ab beads of the untransfected HEK cells. C, bottom view of PAR1 in the on-state conformation in complex with the agonist pepducin P1pal-19 and the G␣ subunit C-terminal ␣-helix (G␣C). D, bottom view of PAR1 in the off-state conformation.
and FRET experiments were conducted. As shown in Fig. 7D , a FRET signal was observed when PAR1-CFP and PAR1-YFP were co-expressed in COS7 cells. A titration of increasing PAR1-YFP acceptor expression with the same level of PAR1-CFP donor expression was performed. The FRET signal was saturable, indicating that the FRET occurring between PAR1-YFP and PAR-CFP was a consequence of specific binding of homodimers or oligomers rather than the result of random collisions. These data are highly consistent with previous BRET experiments that showed that PAR1 associates to form a stable A, a dimer model of PAR1 was constructed by first calculating the electrostatic potential of the receptor using Advanced Poisson-Boltzmann Solver assuming 150 mM salt (62) . The most intense blue and red coloring represents a potential in excess of ϩ1 kT/e and Ϫ1 kT/e, respectively. The dimer interface was selected by minimizing electrostatic repulsions and maximizing favorable interactions. B, bottom view of proposed dimer models of PAR1 depicting the interaction of the i3 loop region of one PAR1 monomer with the H8 helix region of an adjacent PAR1 monomer using the P1pal-19/H8 helix interaction as a pseudodimer template for monomer/monomer interactions. C, co-immunoprecipitations of T7-PAR1 and PAR1-Myc were conducted in protein lysates from transfected HEK293 cells. T7-Ab-agarose beads were used to immunoprecipitate (IP) T7-PAR1 from cell lysates, and bound PAR1-Myc was detected by anti-Myc immunoblot (top). Immunoblotting (IB) with the T7-Ab (bottom) confirmed the presence of T7-PAR1. Pretreatment of HEK cells with 20 nM thrombin for 10 min prior to the collection of cell lysates resulted in complete cleavage and loss of the N-terminal T7 epitope from T7-PAR1 (and binding to beads), confirming that PAR1-Myc did not nonspecifically bind to the T7-Ab-agarose beads. D, PAR1 forms dimers in live COS7 cells. FRET between PAR1-CFP (donor) and PAR1-YFP (acceptor) was quantified in COS7 cells. Fluorescence measurements used 0.5 ϫ 10 6 cells/ml with excitation at 425 nm and 10-nm slit widths. Top, yellow dashes and blue dots, respectively, represent the signal for PAR1-YFP and PAR1-CFP expressed singly. The FRET signal (gray) was determined by subtracting the background PAR1-CFP (blue) and PAR1-YFP (yellow) signals from the net uncorrected signal from co-expressed receptors (green) as described previously for PAR1-PAR4 heterodimers (22) . Bottom, FRET titration between PAR1-CFP and PAR1-YFP co-expressed at different ratios in COS7 cells. The plasmid concentration of donor was kept constant, whereas the acceptor plasmid was varied. Green squares indicate the increase of the FRET amplitude as a function of fluorescence intensity of the acceptor.
homodimer (55) in HEK cells. Similarly, PAR1 has been documented to heterodimerize with the closely related PAR2 and PAR4 receptors on endothelial cells and/or platelets (22, 26) .
Discussion
The data presented here provide a mechanistic basis to understand the allosteric activation mechanism by third intracellular loop-derived pepducins on the inside surface of a GPCR. The NMR structure of P1pal-19 revealed a highly structured two-helix i3 loop that closely resembled the analogous i3 loop structure of the intact receptor based on the on-state structure of rhodopsin and the ␤ 2 -adrenergic receptor bound to G protein (35, 49) . The i3 loop-derived pepducin requires the H8 helix from PAR1 and adjacent (D/N)PXXYYY motif on TM7 to stabilize the on-state and trigger receptor-G protein signaling from the inside.
This same TM7/H8 intracellular site has also been identified as a binding site for small molecule intracellular antagonists of PAR1 (56) and the CCR2 (57) receptors and could represent a hot spot for intracellular allosteric modulators. In the case of CCR2, the most important residues for binding its intracellular antagonist were found to be the highly conserved tyrosine, Tyr (7.53) (numbering in parentheses represents the Ballesteros residue number (50)), and phenylalanine, Phe (8.50) , of the NPXXYX 5,6 F motif as well as Val (6.36) at the bottom of TM6 and Lys (8.49) in the H8 helix. The -stacking interaction between Phe 312 (8.50) and Tyr 305(7.53) directly links the TM7 and H8 helices and is involved in locking the receptor in an inactive state as observed in several x-ray structures, including that of CCR5 (57) . Upon activation of CCR2, the aromatic stacking interaction is disrupted, allowing Tyr 305 (7.53) to rotate into the helical TM core to permit receptor signaling by stabilizing the outward displacement of TM6.
We connection in rhodopsin. Indeed, the QR dyad is a highly conserved motif on the H8 helix and is present in 85% of class A GPCRs (31) . In the rhodopsin-1 crystal structures, the H8 helix Arg 314 side chain hydrogen bonds to the carbonyl backbone oxygens of Ile 307 and Met 308 , which are adjacent to the (D/N)PXXY 306 motif on TM7. Previous studies showed that the H8 helix of rhodopsin is conformationally mobile (58, 59) and that its N-terminal end moves away from the C-terminal portion of the i1 loop/TM2 by 2-4 Å upon receptor activation (60, 61) . Key to our model of Fig. 5 344 and Leu 349 from the C-terminal ␣-helix of the G␣ subunit. The insertion of the C-terminal ␣-helix of G␣ into the pepducin-activated PAR1 receptor may be responsible for the enhanced non-polar environment experienced by the Cys 296 bimane probe. A recent study of an i3 loop pepducin (ICL3-9) derived from the ␤ 2 -adrenergic receptor also found that ICL3-9 promoted receptor interactions with G s and increased G s signaling (54) requiring the presence of its cognate receptor. ICL3-9 induced an increase in the BRET signal between ␤ 2 -adrenergic receptor and G s in contrast to the decreased BRET signal observed with the orthosteric agonist isoproterenol. Contrary to the similar conformational effects induced by thrombin and P1pal-19 on PAR1, they demonstrated that the ␤ 2 -adrenergic receptor⅐G s active conformation induced by their i3 loop pepducin is different from that stabilized by isoproterenol at the orthosteric site. The reduction in the BRET signal upon isoproterenol stimulation may reflect a conformational rearrangement of the precoupled ␤ 2 -adrenergic receptor⅐G s complex that resulted in an increase in the distance between the C terminus of the ␤ 2 -adrenergic receptor and the N terminus of G␣ s . The ICL3-9-stimulated binding of G s promoted an increase in BRET and thus reflects a reduction in the distance between the N terminus of G␣ s and the C terminus of the ␤ 2 -adrenergic receptor. However, when an alternative construct was monitored using BRET between ␤ 2 -adrenergic receptor-GFP10 and RLucII inserted in the linker 1 region of G␣ s between the helical and GTPase domains, similar BRET changes in direction and efficiency between isoproterenol and ICL3-9 were observed (54) . This suggests that this region of G␣ s may be oriented similarly in both the i3 pepducin-and orthosteric agonist-stimulated states as we observed for PAR1. Although the exact mechanism of this ␤ 2 -adrenergic receptor⅐G s activator pepducin remains unclear, the N-terminal region of the i3 loop of the ␤ 2 -adrenergic receptor is a critical interaction site with the ␣5-␤4 loop on G s and optimally positioned to catalyze G nucleotide exchange on the G␣ subunit (35) .
The co-immunoprecipitation and FRET data demonstrate that PAR1 self-associates to form a homodimer or homooligomer, consistent with previous BRET experiments in HEK cells (55) . Although the exact structure and relative orientation of the homodimer are difficult to determine with certainty, the direct binding data presented here indicate that a stable homodimer may form with each i3 loop interacting with an H8 helix across the dimer interface. Several crystal structures indi-cate that the H8 helix plays a prominent role for homomeric interactions in lipid membrane environments, including ␤ 2 -adrenergic receptor (63) , (rhod)opsin in its G protein-interacting state (49), ␤ 1 -adrenergic receptor (64) , and human -opioid receptor (65) .
In the case of the CXCR4 homodimer, binding of a CVX15 peptide antagonist induces a tilt in the extracellular part of TM5, bringing the intracellular parts of the CXCR4 homomer into close contact (66) . This type of ligand-induced conformational change in TM5 could explain the cooperative binding observed with certain CXCR4 ligands. Specifically, binding of a ligand to one receptor could induce a structural change in TM5 of the second receptor that could modify the ligand binding affinity to the second receptor, resulting in either negative or positive allosterism as seen with some CXCR4 ligands, including i1 and i3 loop-based pepducins (11, 20, 25) . These structural and biophysical data are consistent with our observations that a conformation change was induced by the i3 loop pepducin at the cytoplasmic end of TM5. As many GPCRs are known to form transient or obligate dimers in various orientations (1, 48) , a characteristic that influences their function in receptor pharmacology, signaling, and disease regulation, the studies here provide a mechanistic blueprint to design allosteric modulators based on the intracellular loop structures that mimic receptor dimer interactions at the G protein interface.
